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Edited by Judit Ova´diAbstract The gelatin (denatured collagen) binding domain of
the extracellular matrix protein ﬁbronectin contains three poten-
tial N-glycosylation sites. Complete deglycosylation of this do-
main is known to reduce the thermal stability of the eighth
type 1 (8F1) module. We have conducted a site-speciﬁc analysis
of the structural and functional consequences of N-linked glyco-
sylation in the 8F19F1 module pair. Three glycoforms have been
identiﬁed by mass spectrometry and nuclear magnetic resonance
spectroscopy. Chemical shift diﬀerences between the glycoforms
have revealed an intimate interaction between one N-linked su-
gar and the polypeptide that is critical for gelatin binding, as
shown by aﬃnity chromatography.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Fibronectin is a multifunctional glycoprotein of the extracel-
lular matrix that interacts with numerous other macromole-
cules including integrins, heparin, proteoglycans, ﬁbrin and
collagen. It is a dimeric mosaic protein composed almost en-
tirely of three types of module (F1, F2 and F3) [1] which are
organized into functional domains (Fig. 1). These domains
can be isolated in the form of proteolytic fragments that retain
activity for their respective ligands. Consequently, the collagen
binding activity of ﬁbronectin has been mapped to a 42 kDa
proteolytic fragment which has the modular composition
6F11F22F27F18F19F1 where nFX represents the nth type X
module in the native protein. This domain also has the ability
to stimulate ﬁbroblast migration into collagen gels [2]. This
‘‘motogenic’’ activity has been attributed to the IGD tri-pep-
tide motifs in the 7F1 and 9F1 modules [3].Abbreviations: BSA, bovine serum albumin; ESI-MS, electrospray
ionization mass spectrometry; GlcNAc, N-acetylglucosamine; HSQC,
heteronuclear single quantum coherence; NMR, nuclear magnetic
resonance; NOE, nuclear Overhauser eﬀect; NOESY, nuclear Over-
hauser eﬀect spectroscopy; RP-HPLC, reverse-phase high performance
liquid chromatography; SDS–PAGE, sodium dodecyl sulphate poly-
acrylamide electrophoresis
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duces three non-overlapping module pairs (6F11F2, 2F27F1
and 8F19F1), each of which can bind to heat-denatured colla-
gen (gelatin) albeit with an activity 10–20-fold lower than
whole ﬁbronectin [4]. This suggests that all six modules act
in concert to bind gelatin with maximum aﬃnity. The hairpin
structure of the 6F11F22F2 fragment has revealed a means by
which such cooperation may be achieved [5].
The 42 kDa gelatin binding domain contains three of the
seven potential N-linked glycosylation sites in ﬁbronectin [6].
Occupation of the N-linked glycosylation site on the 2F2 mod-
ule is not required for thermal stability of the module or for
gelatin binding activity [7], despite the fact that the N-linked
N-acetylglucosamine (GlcNAc) is in intimate contact with
the 2F2 polypeptide [8]. The 8F1 module contains the other
two N-linked glycosylation sites, Asn497 and Asn511. Com-
plete deglycosylation of this module lowers its thermal stability
to the point where it is only partially folded at physiological
temperature [7]. Glycosylation of ﬁbronectin thus does more
than just confer proteolytic resistance to the molecule; indeed,
cells may be able to modulate the stability of the gelatin bind-
ing fragment by varying the occupancy of the three potential
N-linked glycosylation sites in diﬀerent tissues; whilst all three
sites are glycosylated in cellular ﬁbronectin, plasma ﬁbronectin
has on average only two N-linked glycans [9].
Here we describe the structural and functional conse-
quences of heterogeneous occupation of the N-linked glyco-
sylation sites in the 8F1 module of ﬁbronectin. Using mass
spectrometry and nuclear magnetic resonance (NMR) spec-
troscopy, we have characterised three glycoforms of the
8F19F1 module pair which diﬀer markedly in their aﬃnity
for gelatin. Glycosylation of Asn511 (but not of Asn497) is
shown to be critical to the structure and gelatin binding activ-
ity of the 8F1 module.2. Materials and methods
2.1. Protein expression and puriﬁcation
Pichia pastoris transformants secreting high levels of the wild-type
8F19F1 module pair (corresponding to residues 485–572 of mature
human ﬁbronectin) were produced in an analogous fashion to that de-
scribed previously for the 1F2 module [10]. The 8F19F1\ point mutant
(the wild-type 8F19F1 module pair with an R503K point mutation) was
cloned by overlap-extension polymerase chain reaction (PCR) using
the oligonucleotide primers 5 0-CA-TTC-CAC-AAG-aag-CAT-GAA-
GAG-GGG-CAC-ATG-CTG-3 0 (for the sense strand) and 5 0-CC-
CTC-TTC-ATG-ctt-CTT-GTG-GAA-TGT-GTC-GTT-CAC-3 0 (for
the antisense strand), where the lower case bases mark the positions
of mismatch pairing with ﬁbronectin cDNA template (i.e., theation of European Biochemical Societies.
Fig. 1. Schematic representations of the dimeric mosaic protein
ﬁbronectin, and of its 8F19F1 module pair. (A) The two ﬁbronectin
monomers are linked in an antiparallel fashion by two disulphide
bonds near their C-termini. The F1, F2 and F3 modules are depicted
by unshaded pentagons, light grey hexagons, and dark grey ellipses,
respectively. (B) The amino acid sequence of the wild-type 8F19F1 is
shown with the polypeptide arranged into the consensus F1 module
conformation (i.e., a two-stranded b-sheet folded over a three-stranded
b-sheet). The positions of the N-linked glycosylation sites, Asn497 and
Asn511, are indicated by inverse type. The KEX2 cleavage site in the
8F1 module is indicated by scissors, and the asterisk marks the position
of the R503K mutation that avoids this proteolysis. The approximate
locations of the ﬁve b-strands that characterise each F1 module are
marked by grey arrows.
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vector pPIC9K and used to transform P. pastoris in exactly the same
manner as for the wild-type 8F19F1 above.
Expression of unlabelled wild-type 8F19F1 and 8F19F1\, and of uni-
formly 15N-labelled ([u-15N]) 8F19F1\was carried out in a 1-litre fermen-
tor (Electrolab Ltd., Tewkesbury, UK) following the detailed protocol
used to produce the 14F15F1 module pair [11]. Partial puriﬁcation of
the wild-type 8F19F1 and 8F19F1\ point mutant was achieved by cat-
ion-exchange chromatography on SP-Sepharose Fast Flow (Amersham
Pharmacia Biotech) at pH 3.0 using an A¨KTA FPLC system (A.P.B.).
The cation-exchange fractionswere treatedwithEndoHf (NewEngland
Biolabs) at pH 5.5 to trim the chitobiose core of the high mannose su-
gar(s) attached to Asn497 and/or Asn511 back to a single GlcNAc [8],
and then analysed by sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis (SDS–PAGE) and N-terminal sequencing.
The 8F19F1\ point mutant was further puriﬁed by aﬃnity chroma-
tography on an XK26/16 column (A.P.B.) packed with 20 ml of gela-
tin-Sepharose 4B (A.P.B.). The sample was loaded at 2 ml/min in
phosphate buﬀered saline (PBS), pH 7.4, at 4 C and eluted with a
0–4 M urea gradient. Finally, the protein was puriﬁed to homogeneity
by reverse phase high performance liquid chromatography (RP-
HPLC) on a C4 column (Rainin) with a gradient of 20–25% aceto-
nitrile in 0.1% triﬂuoroacetic acid. The identity and purity of the
RP-HPLC-puriﬁed 8F19F1\ fractions were conﬁrmed by electrospray
ionisation mass spectrometry (ESI-MS).2.2. NMR spectroscopy
All NMR experiments were acquired at 25 C on a spectrometer
operating at 750.1 MHz. Samples were prepared by dissolving the
[u-15N]8F19F1\ glycoforms to a ﬁnal concentration of 1.0 mM in either
90% H2O/10% D2O or 99.9% D2O, each containing 150 mM NaCl,
20 mM KH2PO4 and 1 mM 1,4-dioxane, and adjusting the pH to 6.6
(meter uncorrected for deuterium). A standard set of experiments
was recorded for each glycoform in H2O and D2O in order to achieve
their complete sequential assignment (i.e., [1H–15N]-HSQC, [1H–15N]-
TOCSY-HSQC, [1H–15N]-NOESY-HSQC, [1H–1H]-DQF-COSY,
[1H–1H]-NOESY and [1H–1H]-TOCSY) [5].
Data processing and referencing was performed using the FELIX
2.3 software package (Biosym Technologies Inc.) as described previ-
ously [5]. The program NMRView v3.0.b1 (Merck and Co., Inc.)
was used for spectral assignment of the 8F19F1\ glycoforms, which
was performed using well established method of spin system followed
by sequential assignment. The N-linked GlcNAc sugars were assigned
from through-space connectivities with the sequentially assigned
Asn497 and/or Asn511 sidechains in the three-dimensional [1H–15N]-
NOESY-HSQC spectra.
2.3. Analytical gelatin aﬃnity chromatography
Analytical gelatin aﬃnity was performed at various temperatures (4,
25 or 37 C) using the same column and loading conditions as de-
scribed for the preparative puriﬁcation step. 200 ll samples of bovine
serum albumin (BSA) or the 8F19F1\ glycoforms were loaded at a con-
centration of 50 lM in PBS, pH 7.4, washed with an equal volume of
PBS, pH 7.4, and eluted either by a linear gradient of 0–4 M urea in
PBS, pH 7.4 (for experiments at 4 C), or isocratically (for all other
temperatures). The absorbance of the eluent was monitored at
280 nm, and the degree of binding was determined from either the buf-
fer volume or the urea concentration required for elution.3. Results
3.1. Wild-type 8F19F1 is cleaved by the P. pastoris
endoproteinase KEX2
The wild-type 8F19F1 module pair was expressed at levels of
approximately 100 mg/l from fermentations of P. pastoris, as
judged by SDS–PAGE of crude fermentation supernatant
under non-reducing conditions (data not shown). The protein
was partially puriﬁed by cation-exchange chromatography and
deglycosylated with Endo Hf. However, when examined by
SDS–PAGE under reducing conditions, the major protein
band appeared at 8 kDa with no bands observed at the ex-
pected molecular weight of approximately 10.3 kDa (data
not shown). This material failed to bind to the gelatin aﬃnity
matrix under all conditions of pH (4.5–8.0), ionic strength and
temperature (4–37 C) tested.
The cation-exchange-puriﬁed wild-type 8F19F1 was N-ter-
minally sequenced, from which two polypeptide sequences re-
sulted, DQCIVDDITY (the expected N-terminus of 8F19F1)
and HEEGHMLNCT (residues 504–513 of human ﬁbronec-
tin). This indicated that the protein had been proteolytically
cleaved between R503 and H504 within the ﬁrst strand of
the major b-sheet in the 8F1 module, with the two polypeptide
fragments being held together by the C497–C514 disulphide-
bond (Fig. 1B). Given that this proteolysis is C-terminal to
the dipeptide K502-R503, the main suspect for this activity
is the endogenous P. pastoris endoprotease KEX2 which
cleaves the a-factor secretion signal after a Lys-Arg dipeptide.
3.2. The 8F19F1 point mutant R503 K is intact but
heterogeneously glycosylated
In an attempt to alleviate this proteolysis problem, the con-
servative mutation R503K was introduced into the 8F1 module
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KEX2 than Lys-Arg. This 8F19F1\ point mutant was found
to express at comparable levels to that of the wild-type protein,
but after cation-exchange puriﬁcation and deglycosylation, ran
as a single 10 kDa band on SDS–PAGE under reducing con-
ditions (data not shown). N-terminal sequencing of this band
gave a single sequence, that of the expected product DQCIVD-
DITY, conﬁrming that the R503K point mutant had indeed
resolved the proteolysis problem. Unlike the clipped wild-type
8F19F1, the intact 8F19F1\ bound the gelatin-Sepharose ma-
trix, and was, therefore, further puriﬁed by aﬃnity chromatog-
raphy under physiological salt conditions at 4 C (the use of
higher temperatures resulted in greatly reduced yields).
Subsequent RP-HPLC puriﬁcation of the 8F19F1\ resulted
in three resolved peaks which were named A, B and C,
respectively, in order of increasing hydrophobicity (i.e.,
increasing retention time on the C4 column). These 8F19F1\
variants were puriﬁed to homogeneity by a second round of
RP-HPLC and their masses determined by ESI-MS. The theo-
retical mass for 8F19F1\ with two N-linked GlcNAc sugars is
10727.7 Da. Variants A, B and C were found to have
masses of 10726.0, 10522.0 and 10522.0 Da, respectively. Each
was found to be more than 95% pure with very few contami-
nants. Clearly, within experimental error, A is the expected
product with two N-linked sugars, 8F19F1\-GlcNAc497,511.
Variants B and C were both 204 Da less massive, a mass
reduction equivalent to the hydrolytic ‘‘loss’’ of an N-linked
GlcNAc; they are, therefore, highly likely to correspond to
the glycoforms 8F19F1\-GlcNAc497 and 8F19F1\-GlcNAc511.
However, it is impossible to conclude which is which from the
ESI-MS data alone.Fig. 2. Assignment of the NMR spectra of the 8F19F1\ glycoforms. (A) Strip
GlcNAc497,511 showing the assignment of GlcNAc511 N-acetyl group. Thro
amide proton (HN) through its sidechain b-(Hb1,2) and amide (Hd) protons
GlcNAc511. (B) Sections of [1H–15N]-HSQC spectra from the three 8F19
resonances labelled. Two crosspeaks are observed for the primary amide (
(–CO15N1H–) of a glycosylated asparagine gives rise to a single crosspeak.3.3. NMR assignment of the 8F19F1\ glycoforms
15N-labelled glycoforms were expressed, puriﬁed and charac-
terized by ESI-MS, with a view to resolving the glycosylation
ambiguity by NMR. The 15N-labelled material behaved in an
identical way to the unlabelled material, with equivalent elu-
tion proﬁles from each chromatography step. Labelling with
15N resulted in an increase in mass of 128 Da for each glyco-
form, which corresponds to an incorporation level of 98.5%,
a level consistent with the quoted enrichment of the
(15NH4)2SO4 used as sole nitrogen source for the fermentation.
Fig. 2B shows [1H–15N]-HSQC spectra of the three 8F19F1\
glycoforms. These show through-bond correlations between
amide 1H and 15N nuclei, and therefore contain two cross-peaks
for each primary amide group (–CONH2), such as asparagine
and glutamine sidechains, and one cross-peak for each second-
ary amide (–CONH–) group, such as backbone amide groups
and the N-acetyl groups of GlcNAc sugars. Each [1H–15N]-
HSQC spectrum was well-dispersed with little peak overlap,
thus allowing rapid sequential assignment of the glycoforms.
Once all the polypeptide resonances of 8F19F1\-GlcNAc497,511
(A) had been assigned, the resonances of the twoN-linkedGlc-
NAc sugars were identiﬁed from through-space correlations
with the Asn497 and Asn511 sidechains (Fig. 2A). The glycosyl-
ation of an asparagine results in the conversion of a primary
amide group to a secondary amide, and the loss of a peak from
the [1H–15N]-HSQC spectrum. Therefore, a comparison of the
spectra of glycoforms B and C with that of 8F19F1\-Glc-
NAc497,511 (A), allowed rapid assignment of B as 8F19F1\-
GlcNAc497 and C as 8F19F1\-GlcNAc511 (Fig. 2B). These
identiﬁcations were conﬁrmed by complete sequential assign-
ment of the glycoforms B and C.s extracted from a 3D [1H–15N]-NOESY-HSQC spectrum of 8F19F1\-
ugh-space (NOE) interactions can be traced from the Asn511 backbone
, to the ring protons (H1,2) and the N-acetyl group (HN2 and H8
\
) of
F1\ glycoforms are shown with the Asn497 and Asn511 sidechain
–CO15N1H2) of an aglycosyl asparagine, whilst the secondary amide
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but not with GlcNAc497
An indication of the structural eﬀect of glycosylation at
Asn497 and Asn511 can be obtained from a comparison of
the backbone amide chemical shifts of the glycoforms. For in-
stance, the eﬀect of ‘‘selective deglycosylation’’ of GlcNAc497
can be seen by comparing the amide 1H and 15N resonance
chemical shifts of 8F19F1\-GlcNAc497,511 with 8F19F1\-Glc-
NAc511 (Fig. 3A). Similarly, by comparing 8F19F1\-Glc-
NAc497,511 with 8F19F1\-GlcNAc497, we see the eﬀect of
‘‘selective deglycosylation’’ of GlcNAc511 (Fig. 3B). These
amide chemical shift diﬀerences reveal that GlcNAc497 has lit-
tle or no eﬀect on the 8F19F1\ polypeptide, with perturbations
limited to the immediate vicinity of the glycosidic linkage at
Asn497 (Fig. 3A). In contrast, GlcNAc511 must exhibit exten-
sive non-covalent interactions with the polypeptide, as shown
by the signiﬁcant chemical shift diﬀerences throughout much
of the 8F1 module (Fig. 3B). These interactions may even ex-
tend to the 9F1 module where diﬀerences are also seen in the
vicinity of Tyr539 to Asp543.
3.5. Glycosylation of Asn511 (but not of Asn497) is critical for
optimal binding
The eﬀect of the GlcNAc511-polypeptide interaction on the
gelatin-binding activity of the 8F19F1\ module pair was as-
sessed by analytical chromatography (Fig. 4). Previous studies,
using proteolytically derived ﬁbronectin fragments, found that
8F19F1 binds to gelatin with higher aﬃnity at lower tempera-
tures [12]. To examine whether the importance of the glycosyl-
ation of Asn511 for gelatin binding is temperature-dependent,Fig. 3. The eﬀect of N-linked glycosylation on the amide chemical shifts of t
the HN and NH backbone resonances, upon (A) deglycosylation of Asn49
8F19F1\-GlcNAc497,511. In each case, Dd = {jDdHNj + (jDdNHj/5)}/2, wher
shift diﬀerences, respectively. The arrows indicate the positions of the b-straanalytical aﬃnity chromatography was performed over a
range of temperatures.
At room and physiological temperatures, using isocratic elu-
tion, the 8F19F1\-GlcNAc497 glycoform bound only weakly to
the gelatin, eluting shortly after the BSA negative control,
whilst 8F19F1\-GlcNAc511 and 8F19F1\-GlcNAc497,511
eluted much later (Fig. 4A and B). At 4 C, the 8F19F1\ glyco-
forms bound much tighter to the gelatin and were eluted with a
urea gradient. The concentration of urea required for elution
of ﬁbronectin fragments from immobilised gelatin has been
shown previously to correlate with the aﬃnity of the interac-
tion [13]. In this study, a signiﬁcantly higher concentration
of urea was required to elute 8F19F1\-GlcNAc511 and
8F19F1\-GlcNAc497,511 compared to 8F19F1\-GlcNAc497
(Fig. 4C). We conclude, therefore, that N-linked glycosylation
of Asn511 is critical for optimal gelatin binding activity at all
temperatures studied. In contrast, glycosylation of Asn497 has
no signiﬁcant eﬀect on binding activity since, within experi-
mental error, 8F19F1\-GlcNAc511 was found to co-elute with
8F19F1\-GlcNAc497,511 under all conditions (Fig. 4B and C).4. Discussion
The fortuitous heterogeneous glycosylation of the 8F19F1\
module pair when expressed from the methylotrophic yeast P.
pastoris has allowed a site-speciﬁc analysis of the structural
and functional consequences of N-linked glycosylation in the
8F1 module. The combined application of ESI-MS and NMR
has led to the identiﬁcation and assignment of three glycoformshe 8F19F1\ module pair. Combined chemical shift perturbation (Dd) of
7 in 8F19F1\-GlcNAc497,511, and (B) deglycosylation of Asn511 in
e DdHN and DdNH are the amide proton and amide nitrogen chemical
nds in the consensus F1 module fold.
Fig. 4. The eﬀect of N-linked glycosylation on the gelatin binding activity of the 8F19F1\ module pair. (A) A superposition of the chromatograms
from gelatin aﬃnity assays at 37 C for BSA and the three 8F19F1\ glycoforms. (B) The mean elution volumes for the 8F19F1\ glycoforms and BSA
at 25 C and 37 C. (C) The mean urea concentration required for elution of the glycoforms at 4 C. In (B) and (C), the standard deviations of
replicate samples are shown as error bars.
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tween these glycoforms have revealed an extensive interaction
between the GlcNAc511 sugar and the polypeptide that is criti-
cal for gelatin binding, as shown by analytical aﬃnity chroma-
tography. That 8F1 glycosylation per se is important for
gelatin binding had already been established [7], but the identity
of the critical glycosylation sites was, until now, unknown.
Ingham et al. witnessed a drop in the melting temperature of
the 8F1 module by approximately 20 C upon complete degly-
cosylation of both N-linked glycans, and a greatly reduced
resistance to acid-induced unfolding [7]. This carbohydrate-
mediated destabilisation is manifested in this study by the
extensive chemical shift diﬀerences seen throughout the 8F1
module upon the deglycosylation of Asn511. A concomitant
perturbation of the gelatin binding site on the 8F1 module
would explain the reduced activity of the 8F19F1\ module pair.
However, we cannot disregard the possibility that there is di-
rect contact between GlcNAc511 and the gelatin ligand. This
would require the determination of the structure of the
8F19F1\ module pair in complex with a gelatin peptide – a ma-
jor technical challenge given the low aﬃnity of the interaction.Although the majority of chemical shift diﬀerences between
the 8F19F1\ GlcNAc497,511 and GlcNAc497 glycoforms were
within the 8F1 module itself, it is interesting that perturbations
were also seen in the 9F1 module (Fig. 3B). This may indicate a
subtle inﬂuence of Asn511 glycosylation on module–module
orientation and dynamics. It is especially interesting that the
largest of these perturbations is on the backbone amide of
Ile541, which is the isoleucine of the motogenic IGD motif
on the 9F1 module [3]. Therefore, it is also conceivable that
Asn511 glycosylation may inﬂuence the avb3-mediated moto-
genic activity of ﬁbronectin.
In sharp contrast, this study has failed to ﬁnd a role for
Asn497 glycosylation: ‘‘removal’’ of GlcNAc497 had no del-
eterious eﬀect on the stability or gelatin binding activity of
the 8F19F1\ module pair. However, other sugar residues of
the Asn497-linked glycan may be involved in gelatin binding,
and this glycan may have other roles that are yet to be dis-
covered. We do not believe that its only role is to protect the
8F1 module from proteolysis, since the other 11 (protease-
resistant) F1 modules in ﬁbronectin all lack N-linked
glycosylation.
4534 C.J. Millard et al. / FEBS Letters 579 (2005) 4529–4534It has previously been established that N-linked glycosyla-
tion of the 2F2 module at Asn399 is not required for activity
since E. coli-expressed aglycosyl 6F11F22F27F1 is capable of
binding to both gelatin [14] and native type I collagen [15].
Furthermore, the gelatin binding activity and thermal stability
of proteolytically derived 6F11F22F27F1 is unaﬀected by re-
moval of the Asn399-linked glycan [7].
The occupancy of the three potential N-linked glycosylation
sites on the gelatin binding domain of ﬁbronectin is often
incomplete, and full occupation is dependent on tissue type
[9]. Given the results presented here, it is clear that cellular
modulation of site-speciﬁc N-glycosylation could allow subtle
regulation of the gelatin binding activity of ﬁbronectin, and
of the activities of many other proteins, without the need for
alternative splicing of the mRNA transcripts.
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